Twenty-five replicates of growth medium for anaerobic ammonium oxidation (anammox) containing 15 N-labeled ammonium and non-labeled nitrite were inoculated into an anammox enrichment culture at low density, and anaerobically incubated batchwise. In the headspace, 29 N 2 partial pressure linearly increased via anammox in 25 vials, confirming that anammox populations were viable in all subcultures. On prolonged incubation, exponential increases in 29 N 2 were not observed in all but 13 subcultures, suggesting that the anammox population may not proliferate unless all conditions for growth are satisfied. The estimated first-order rate coefficients in those 13 subcultures varied from 0.0029 to 0.0048 h −1 .
Anaerobic ammonium oxidation (anammox) is a bacterial reaction carried out by anaerobic chemolithotrophs, in which NH4 + is oxidized to N2 by reducing NO2
− under strictly anaerobic conditions (4, 5, 10, 11, 14, 15) . As anammox needs neither aeration for oxygen supply nor organic substances for enhancing denitrification, both of which have been major expenses in conventional wastewater treatment processes for nitrogen removal, anammox has drawn attention especially for the development of a novel energy-saving process (1, 4, 5, 16) . One of the obstacles to developing such a process has been the relatively slow growth of anammox populations with its unique manner of cell division (17) . Growth rates have been estimated in continuous flow systems (3, 10, 16) , as they have been examined for application to treatment processes. Anammox populations have also been enriched in continuous (7) , semi-batch (13) and batch (8) culture, but the proliferation of anammox populations in a batch culture has not yet been fully described. Here, we made an attempt to cultivate an anammox population in a batch culture, which is a key technique in microbiology, and provide evidence suggesting the population may proliferate in an anaerobic batch culture and estimate the possible growth rate.
An anammox population was enriched from freshwater lake sediment which showed anammox activity (Yoshinaga, I. et al., in press). The first enrichment was conducted in a 200-mL cylindrical reactor which was filled with nonwoven fabric materials, maintained at 25°C and supplied continuously with inorganic anoxic mineral medium modified from a previous study (14) ; 5 mM NaHCO3 instead of 5 mM KHCO 3 . Anammox species closely related to 'Candidatus Brocadia fulgida' (96% similarity) was most abundant according to a clone analysis targeting the16S rRNA gene. Effluent, in which anammox populations would have been suspended at low density, was used for the inoculum. Anammox activity was measured as reported (2) . All the necessary calibration was carried out as described previously (Yoshinaga, I et al., in press) based on the theory of Spott and Stange (9) . The oxygen-free inorganic medium for anammox microorganisms was inoculated with an amount of effluent from the above-mentioned reactor at 0.5% (v/v). Twenty-five milliliters of the suspension was transferred to each of ten 67-mL vials in an anaerobic globe box (COY Laboratory Products, MI, USA) filled with Ar+5% H2, capped tightly with a butyl rubber stopper and aluminum seal. To eliminate H2, the headspace gas was once again displaced with ultrapure He (>99.99995%) with specialized equipment (Sanshin Kogyo, Yokohama, Japan). Positive pressure was applied to the headspace to prevent the unintentional introduction of ambient air during incubation; the pressure was 1.58±0.005 kgf cm 2 at the beginning of incubation. Before starting anaerobic incubation, 1 mM 15 NH4 + and 0.5 mM NO2
− (final concentrations) were supplied anaerobically. Vials were incubated with stirring of 160 rpm at 25°C. The N2 isotopologues ( 28 N2, 29 N2, 30 N2) in the headspace gas (100 µL) in each vial were quantified using a gas chromatograph-mass spectrometry system, as described previously (2) . Anammox activity in each vial was determined by measuring the amount of 29 N2, which was presumed to be produced via anammox, over time. The amount of 29 N 2 in the headspace increased linearly in all ten replicates. The average zero-order reaction rate was 0.0031
On the 20th day of incubation, 0.5 mL each of culture fluid from one of the replicates, which showed exponential increases in 29 N2 in an early stage of incubation (up to 1.1 days of incubation), was transferred to 25 replicates of a 67-mL vial containing 24.5 mL of freshly prepared anaerobic mineral medium added with 2.5 mM 15 NH4 + and 2.5 mM NO 2 − . In the pre-incubation, although exponential increases in 29 N2 were observed, the period was too short to determine a first-order rate coefficient. To prolong the exponential increase, we increased the concentrations of reactive substrates as well as the minimized inoculum density. As we did for the pre-incubation, positive pressure was applied to the headspace He gas; the pressure was 1.57±0.004 kgf cm 2 at the beginning and 1.29±0.036 kgf cm 2 at the end of the incubation, suggesting that positive pressure was maintained in all vials throughout the incubation. These subcultures were also incubated with stirring at 160 rpm and 25°C. For the measurement of 29 N 2 production in the 25 subcultures, the headspace gas (600 µL) of each vial was collected and 50 µL of the gas was immediately loaded into an isotoperatio mass spectrometer (MS) (DELTA plus advantage, Thermo Fisher Scientific, Whaltham, MA, USA) via a 6-way valve under an ultrapure He atmosphere, followed by a gas chromatograph (GC) (GC-8A, Shimadzu, Kyoto, Japan) equipped with a 25-m capillary column (CP-PoraBond Q, ID 0.32 mm, Varian, CA, USA). Since the background signal of an isotope-ratio MS is much lower than that of a quadrupole MS in general, the N2 isotopologues ( 28 N2, 29 N2, 30 N2) in the headspace gas were much more precisely detected even at a 100-fold lower concentration than that detected with a GC equipped with a quadrupole MS, which we have employed.
Time-dependent 29 N2 production in 25 replicates is shown in Fig. 1 . The 29 N 2 in the headspace gas increased linearly in all 25 subcultures for 5 to 7 d after inoculation, confirming the presence of anammox activity; therefore, anammox populations were viable in all 25 subcultures ( Table 1 ). The zero-order reaction coefficient of anammox in each subculture was determined by measuring the slope of increases in 29 N 2 in each vial headspace gas. Values of coefficients varied extensively among 25 subcultures (0.002-0.022 nmol vial Table 1 ), which might be due to the differences in size of the inoculated anammox population, activity per cell or inoculated population, anammox species in each subculture, other biological and physiological conditions, and combinations thereof.
Anaerobic incubation was prolonged for another two months to examine whether 29 N 2 in the headspace gas increases exponentially. As stated earlier, positive pressure was provided to the headspace to prevent air contamination, which was well maintained throughout the prolonged incubation of each vial. In 9 out of 25 subcultures ( Fig. 1; group  A, vials 1-9) , 29 N2 continued to increase linearly, with the same rate as earlier, during the entire period of the prolonged incubation. In three subcultures ( Fig. 1; group B, vials 10-12), 29 N2 increased linearly with a constant rate for a while, and subsequently with a decreased rate. In contrast, in the remaining 13 subcultures ( Fig. 1; group C, vials 13-25) , 29 N2 increased exponentially rather than linearly. As anammox activity in subcultures in groups A and C was not retarded, it was presumed that conditions for culturing anammox population in these vials were rather favorably maintained even on prolonged incubation. On the other hand, in 3 group B subcultures, it is suspected that conditions deteriorated as the anammox rates were retarded. When the incubation was prolonged, the time courses of increases in headspace 29 N2 were approximated by the first-order reaction model in group C, of which correlation coefficients were 0.972 or greater ( Table 1 ). As the model describes the exponential growth of bacterial cells, the exponential increases in 29 N 2 observed in the 13 group C subcultures could be due to the proliferation of an anammox population.
The estimated first-order rate coefficients in the group C subcultures varied from 0.0029 to 0.0048 h −1 , corresponding to a doubling time of 6-10 d (Table 1) . These coefficient values were more or less similar to those reported previously (3, 10, 13, 16) . Exponential increases in 29 N2 continued relatively longer in one subculture ( Fig. 1; vial 25) , while it decelerated immediately in the remaining subcultures ( Fig.  1; vials 13-24) . One assumes that vials which had shown higher activity at the beginning of the incubation might have preferentially shown putative proliferation in an extended incubation, but this was not the case (Table 1) . For example, vial 16 showed a high zero-order rate at an early stage of incubation, but a low first-order rate coefficient was shown on prolonged incubation, while vial 25 with a low zero-order rate produced 29 N 2 exponentially at a high rate ( Table 1) . The correlation between values of zero-order and first-order rate coefficients were analyzed for 13 group C subcultures, but Table 1 . no significant correlation was found (R 2 =0.0222; data not shown).
A considerable amount of reactive substrates remained unconsumed in the group C subcultures. For example, in vial 25, ammonium and nitrite concentrations in the culture fluid at the end of incubation were 2.38 mM and 1.94 mM, respectively. As a general trend in this experiment, a greater amount of nitrite was consumed than that expected based on theoretical stoichiometry previously described for anammox probably because nitrite was consumed not only via anammox but also via denitrification by co-existing denitrifiers in the vial. The pH of the culture fluid had increased to 8.3 or greater in all vials at the end of the incubation. The final pH values determined here were higher than the pH values previously claimed to be optimal for anammox (12) , suggesting that increases in pH could have adversely affected anammox activity in group C subcultures. Tsushima et al. (13) reported a decrease in anammox activity and a concomitant increase in dissolved organic carbon (DOC), which could be formed by both anammox and co-existing bacterial populations, in an anammox batch culture (6) . In this study, the inoculum size was minimized relative to the reactive substrates to let cells grow exponentially in a batch culture as mentioned above. This may be appropriate for cultivating microbes, not only because this provides more nutrients to the microbes, but also to reduce the amounts of DOC possibly carried over from the previous cultivation. Actually, Tsushima et al. (13) have also recommended a low inoculum size as favorable for starting up the enrichment of an anammox population, especially in a batch culture, as putative inhibitory effects of organic compounds unavoidably derived from a seed sludge could be reduced by diluting it before inoculation.
Based on previous value for anammox activity per unit amount of protein of anammox cells reported by Strous et al. (11) and the zero-order reaction rate determined for each vial, inoculum size was estimated at 4.1×10 2 -4.5×10 3 cells mL −1 . It was estimated that the density of the anammox population reached 4.4×10 3 -5.3×10 4 cells mL −1 . Tsushima et al. (13) reported that the detection limit for the qPCR assay targeting the 16S rRNA gene of anammox bacteria was 3.6×10
3 target copies mL −1 . It may not be possible to use the qPCR technique to monitor the time course of increases in the anammox population, as the density of the population especially at an early stage of putative growth may not have been high enough to be detected by the PCR. On the other hand, the highly sensitive activity determination method with magnetic field MS employed here successfully detected the activity from a small volume of headspace gas. This study consequently provided evidence demonstrating the putative exponential growth of an anammox population in a small scale batch culture, under conditions appropriate for the growth. The first-order coefficients of the 29 N2 increase for 13 group C vials differed, and moreover, exponential increases in 29 N 2 did not last longer except in vial 25. Unfortunately, the reasons why the coefficient and duration of increases in 29 N2 were variable are unknown. However, this observation suggest the inherent difficulties in the cultivation of anammox populations besides a low growth rate and, therefore, one had better prepare 25 replicates or more to take advantage of the small chance that a culture will thrive enough to be subcultured. 
